Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is part of a global redistribution system in the ocean that carries vast amounts of mass, heat, and freshwater. Within the AMOC, water mass transformations in the Nordic Seas (NS) and the overflows across the Greenland-Scotland Ridge (GSR) contribute significantly to the overturning mass transport. The deep NS are separated by the GSR from direct exchange with the subpolar North Atlantic. Two deeper passages, Denmark Strait (DS, sill depth 630 m) and Faroe Bank Channel (FBC, sill depth 840 m), constrain the deep outflow. The outflow transports are assumed to be governed by hydraulic control (Whitehead 1989 (Whitehead , 1998 . According to the circulation scheme by Dickson and Brown (1994) , there is an overflow of 2.9 Sv (1 Sv = 1 Sverdrup = 10 6 m 3 s −1
) through DS, 1.7 Sv through FBC and another 1 Sv from flow across the Iceland-Faroe Ridge (IFR). To the south of the GSR, the overflows sink to depth and then spread along the topography, eventually merging to form a deep boundary current in the western Irminger Sea. During the descent, the dense bottom water flow doubles its volume by entrainment of ambient waters (e.g. Price and Baringer 1994) so that there is a deep water transport of 13.3 Sv once the boundary current reaches Cape Farvel (Dickson and Brown 1994) . Thus the overflows and the overflow-related part of the AMOC account for more than 70% of the maximum total overturning, which is estimated from observations to be about 18 Sv (e.g. Macdonald 1998 conditions, mainly due to increasing static stability of the upper ocean in high latitudes. Given the role of the overflow-related contribution to the present-day AMOC, it is of importance to elucidate the underlying processes in the present and future climate, and their proper representation in numerical models. This holds in particular for large-scale, coarse-resolution climate models. Summarizing the stateof-the-art at the time of the release of the International Panel of Climate Change (IPCC) third assessment report, Stocker et al. (2001) conclude that the "uncertainties in the representation of the flow across the GSR limit the ability of models to simulate situations that involve a rapid change in the THC". In relatively coarse resolution ocean general circulation models (OGCMs), the overflows across the GSR and the AMOC have been found to be sensitive to the geometry of the throughflow channels. At grid sizes of the order of 100 km, changes in the representation of the topography may result in considerable changes of the overflow transports and its water mass composition. For example, Roberts and Wood (1997) found a 50% change in heat flux at the GSR latitude when a single grid box was modified. Moreover, some OGCMs feature quite unrealistic depth and width of the channels (e.g. Schweckendiek and Willebrand 2005) .
The throughflow transports are determined by hydraulic control and it is not clear which numerical resolution is required to properly simulate the partly nonlinear processes involved. If the grid size is too large and the simulated velocities and Froude numbers are too small, the information exchange between the dense layers north and south of the GSR, which under appropriate physics is only in one direction, occurs in both directions.
The fate of the overflow waters once they have passed the sill depends on the amount of mixing they experience downstream. Observations indicate that there is an entrainment of the order of 100% of the original volume transport and that the mixing often occurs over steep slopes on very small horizontal distances (e.g. Baringer and Price 1997). In recent years, several attempts have been made (see Section 3.1) to parameterize the downslope flow and the entrainment in GCMs.
Here, we review first the development in theory and process modelling touching on hydraulics and dense gravity currents. Then, as a major part of the paper, we describe the representation of the overflow in high-resolution regional models and in a coarse-resolution state-of-the-art climate model. The sensitivity of the overflow to climate variations on interannual to decadal variations and to anthropogenic global warming is discussed.
Hydraulics of Sill and Strait Flow
Analytical theories of flows through passages and across sills (Gill 1977; Whitehead 1989; Killworth and McDonald 1993; Whitehead 1998) are important concepts to investigate transport limits of the outflow. Considerable progress has been made in the last decade to understand the nature of overflows in theory and by analysis of new observations. We mention here the special volume on "The Physical Oceanography
